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1.0 Summary

Relationships for computing the total power and the power density profiles of x—ray
beams generated by bending magnets (BMs) and insertion devices (IDs) are given. A FOR-
TRAN program called POWER for computing the angular distribution of power generated by an
ID is developed and outlined. This interactive program is available on the APS VAX system by
typing the command POWER, and a graphic display of the power profile is provided within the
program. For users requiring simple analytical formulas, curve fits are used to approximate the
ID and BM power distributions. The accuracy of such analytical forms depends greatly on how
the curve fits are made and is generally within a few percent.

2.0 Introduction

The spatial distributions of the power radiated by bending magnets and insertion devices
are often required for calculating the thermal load on beamline and optical components that in-
tercept the beams. When a synchrotron x—ray beam (with characteristic photon energy in the
keV range) impinges upon high—atomic—number materials, it is quite reasonable to assume that
the incident beam power is deposited on the surface. As such, the incident beam power profile
can be used directly in the thermal—-structural computations necessary for the design of high heat
load components.

For the case of higher photon energies and/or low—atomic—humber materials (such as be-
ryllium or carbon), the surface absorption model may no longer be valid. X-rays are absorbed



and scattered throughout the depth of the material, and, depending on the thickness, a substantial
amount of radiation may be transmitted through the material. In such cases, the in—depth absorp-
tion of the x—ray beams must be computed. The PHOTON program [1] developed at NSLS is
one of the numerical codes used for these computations. This program was written for bending
magnet sources, and we have completed its extension to wiggler sources [2]. It will further be
extended to undulator sources in the near future.

Here, the relationships for computing the power distribution from bending magnets and
insertion devices are summarized and a computer program to obtain thedstrilaution of the
insertion devices is outlined. Readers interested in the spdistradution of the radiation from
these sources are referred to references [3-5].

3.0 Bending Magnet Power Distribution

The radiation power generated from the passage of a charged particle beam through a di-
pole magnet is uniform in the plane of the orbiting particles. This plane is referred to as the hori-
zontal plane. In the direction transverse to this plane, the bending magnet power has a nearly
Gaussian profile with its peak in the horizontal plane.

Denoting the vertical angle measured from the horizontal plageand the angle in the
horizontal plane by (Fig. 1), the bending magnet power distribution is given by [3]:
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wither ceP/dbdhy [in W/mradd—mrady—mA] is the radiated power from a bending magnet of
radiusp [m] at a vertical angle into a one mradi“solid” angle with a charged particle beam
current of one mA. Although a bending magnet creates a fan of radiation horizontally, only part
of that radiation is accepted by the front—end aperture and the beamline, which then restrict the
acceptance ifi. The factor Bfy) is given by:

Fivy) = (1 + y2?) 5/2[ 2 Y—zwz]
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with y being the relativistic mass factor given by:
v = 1957 E[GeV] (2b)
where E [GeV] is the storage ring energy, ang ¥ in radians.

By integrating Eqn. (1) with respect4o and noting that
J Fiypldry) = £,

A (3)
one gets
dpP _ 15_V* _
qo = 0-96x 10° 5 [l [W/mrad 6—mA| @)



where dP/@ is the vertically integrated bending magnet power in W/rfiradA.
The peak power density from Eqn. (1) is

d2P N 1.44 x 1018 5 18 Y -
docy ly=0 = 16 X—p v> = 0.63x 10° oml [W/mrad2 mA].

)
For the APS storage ring,

1~ = 1/(1957 E[GeV]) = 73urad, and
p =38.96 m.

There are 80 bending magnets on the storage ring, each covering an atoo78.5 mrad.

Each sector of the ring consists of two bending magnets and one ID so that there are two bending
magnets between two adjacent IDs. Radiation from the bending magnet downstream of an ID is
totally absorbed while only 6 mrad of the radiation from the bending magnet upstream is
extracted. Using Eqns. (4) and (5), the radiation power and peak power densitgxtfabeed
beamare, respectively, for a 100 mA of beam current

P = 0.96x 10°1° ? o 100 [mA] x 6 [mrad = 520.8 W

and
d%f;’p lp=0 = 0.63 X 10718 “[/ Tl 100 [mA] = 780 W/mrad’.

The total power generated by each bending magnet into the full 78.5 mrad horizontally is 6.8
KW.

3.1 Analytical Curve Fits to the Bending Magnet Power Profile

The BM power density profile in the vertical direction is given by the functigp)Fgf
Eqgn. 2a, and this is shown in Fig. 2. Because of its resemblance to the more easily—handled
Gaussian distribution, the following function is used in curve—fitting [5]:

Felyy) = _g wz) : ®)

with 6 = 0.608. This standard deviation $ ensure conservation of the total power, while the peak
power density is conserved by the factor of 7/16. Also note from Fig. 2 that the FWHM of the
theoretical power profile (Egn. 2a) is 1.30, and the FWHM of the Gaussian fit (Eqn. 6) is 1.43.
For calculations more sensitive to the peak power density, a smaller $ may instead be used in
Eqgn. 6.

4.0 ID Power Distribution

The power distribution for an ID source varies both vertically and horizontally. Using
the earlier notations, the power density from an ID (based on a sinusoidal positron trajectory)
can be written as [6]
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where R is the total ID power. K is the deflection parameter given by
K = 0.934\,cm] By [T], (8)

andl is the ID period, and @is the peak magnetic field. G(K) is a normalization factor given
by
(K6 + 2IK4 + 4K2 + 19)
7/2 '
(1 + KZ) (9)

The angular dependengg¥0,y) of the radiation from an ID is given by

G(K) =

T

2
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where

2 2
D =1+ (yy) + (Y6-K cosa), (11)

and k& (y0,yy) is normalized such thag0,0) = 1.0.
The total power Pin Eqn. (7) is given by

P;[kW] = 0.633 E[GeV] B3[T] L[m] I[A] (12)

where L is the device length and | is the particle beam current.
From Eqgn. (7), the peak power density for an ID is

10.85 BT] Ef[GeV] I[A] N G(K)  |W/mracf|

d9 dw 00= (13)

where N is the number of undulator periods. Note that
L=N Ay (14)

Obtaining ID power involves integrating Eqn. (10) to compytet,yy), and a further
integration of § overy6 andyy to obtain the total power. An interactive program named POW-
ER is written and described here for these integrations.

To run this program on the APS VAX cluster, enter the command POWER. Fig. 3 shows
an example for the case of APS Undulator A. Default parameters for Undulator A have been
stored in the file UA.DEF; similarly, the parameters for Wiggler A are stored in WA.DEF, and
those for Wiggler B in WB.DEF. These parameter files are available in the directory
APSD19:JAMK.PUBLIC], and the user should copy the one that he needs to his own directory
before running POWER. From your directory on VAX, type:

COPY APSDI9:[AMK.PUBLIC]filename.ext [ ]

to copy the desired parameter file to your directory. When running the program, you will be
asked for the name of the parameter file. You also will be able to modify any of the parameters
from the parameter file interactively. The new set of parameters will then be written to the user’s
directory as a new version of the same parameter file name.



The power density calculation is performed for the horizontal @hfyem O up toyOmax
[gamma_theta_max] in [m_theta] number of steps, and the results will be printed out at every
[mp] step. In the vertical direction, the variables [gamma_psi_max], [n_psi], and [np] are de-
fined similarly. The power distribution in the vertical direction is contained within an angle of
~ 1k, and so [gamma_psi_max] equal to 2—-3 is appropriate for most cases. On the other hand,
the horizontal power distribution depends on K, and so a [gamma_theta max] value equal to or
larger than K should be used. To compute the power density at a partifutar) (vithin the
angular limits specified, the integration owemn Eqn. 10 is performed by the program. This is
accomplished by a Gaussian quadrature with [ng] points. If [ng] is too small, then the condition
that i (0,0) = 1.0 will not be satisfied, and the program will ask the user to increase the number
of integration points [ng]. The number of points [ng] must be odd, and typically a minimum of
201 points should be used. At the present time, the number of angular points [m_theta] and
[n_psi] and the number of integration points [ng] are all limited to a maximum of 501.

A sample output of the program is shown in Fig. 4. For every printed asBleddy (in
kW/mrad) is listed in the last column. At the end of the output, the total power calculated from
numerically integrating #P/ddd$ over the angular range is compared with the total power pre-
dicted from Eq. 12. Typically, agreement within a few percent is obtained. The power distribu-
tion can also be graphically displayed from inside the program using DISSPLA. Although the
calculation is done in one quadrant for symmetry reasons, the power distribution can be dis-
played over 1, 2, or 4 quadrants. The graphic output can also be stored in a PostScript file for
obtaining a hardcopy. Fig. 5 shows the results for Undulator A (in the case of 1.15 cm gap, K =
2.23), using the default parameter files UA.DEF as the input.

4.1 Analytical Curve Fit to the ID Power Profile

For some thermal/structural calculations it is much more convenient to use simple analyt-
ical forms to describe the power density distribution instead of the exact results from POWER.
This is indeed necessary if an analytical solution is sought. A suggestion for approximating the
power density for an ID is made here. It is seen from Fig. 5 that the ID power density profile is
approximately Gaussian in the vertical direction and parabolic in the horizontal direction. Thus,
it may be possible to approximate the power density profile by using the product of such func-
tions. An appropriate functional form can be obtained by fitting a Gaussian ¢owe) ko the
vertical power profile and a parabolic curvgtR0) to the horizontal power profile. These are
shown in Fig. 6 for the APS Undulator A in the close gap case. Note that the curve fits are
forced to match the peak power densityBstO(=0).

The analytic approximationsRo the power density is given by:

- W2 () 62

(15)
where ( = 0.0417 mrad is the Gaussian standard deviation, and H = 0.2 mrad is the horizontal
extent of the power density profile. If Egn. 15 is integrated gpviar(— to o« ) and in (-H to

H), one obtains for the total power

P, = 133.6(0/2_)(ﬁ) = 3.7 kw,

3 (16)

which is about 3% less than the theoretical value of 3.8 kW. Note that, with a slightly larger
value of H, it is possible to preserve the total power as well.



The curve—fitting procedure outlined here can be used to obtain an approximate analyti-
cal relationship for any ID power profile. One should note, however, that the present Gaussian—
parabolic form may not be appropriate for small values of K. The usefulness of Eqn. 15 lies in
the fact that it is valid for Undulator A at close gap (worst heating condition) where most thermal
analyses are carried out.

5.0 Concluding Remarks

In all the power distribution discussions here, ideal magnetic devices and zero—emittance
particle beams are assumed. For the APS IDs, the angular divergences in the vertical and hori-
zontal directions are 9 and @#ad respectively [4], which are small compared to theréd
natural opening of the beam from the 7—GeV storage ring. The emittance only broadens the
power profile slightly, and thus the zero—emittance assumption is a conservative one from a ther-
mal point of view. However, the emittance should be taken into account in the case of an undu-
lator with small values of K. For example, when K=0.3, the zero—emittance horizontal power
profile has a standard deviation of @&d for Undulator A. This is then comparable to the 24
urad horizontal divergence of the particle beam, and therefore, the beam power profile in that
direction is considerably wider than that obtained from the zero—emittance relationships outlined
in this note.
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Figure 1: Incident beam on a surface located at a distance D from the source.
AB and Ay are the horizontal and vertical extents of the beam. Also noted are the
horizontal and vertical profiles of a typical undulator power envelope.
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Figure 2: Gaussian curve fit to the vertical power profile of a bending magnet source such

that both the peak and total power are conserved.



Figure 3: Example Run of the POWER Program

ANLAPS> COPY APSD19:[AMK.PUBLICJUA.DEF []
ANLAPS> POWER
Name of file with ID parameters [<CR> if none] ?

UA.DE

© 0 N o O~ wDNPR

F

Insertion Device Power Program, April 1992

kkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkkkhkkhkkkkkkkkkkkkkhkkhkkhkkkkkkkk

INPUT DATA
I
Beam Energy (GeV)
Beam Current (A)
Period Length (cm)
K
gamma_theta_max
gamma_psi_max
Number of period

n_psi (psi divisions)

=
= o

12. ng, integation points [odd]

Are these correct? [l]/Y, [OJ/N

0

enter index followed by correct value:

12,251

INPUT DATA

*kkkkkkkkhkhkhkhkkkkkkk

Beam Current (A)
Period Length (cm)
K =
gamma_theta_max

2 T o

gamma_psi_max

m_theta (theta divisions)

mp, theta print frequency
np, psi print frequency

Beam Energy (GeV)

7.0000
0.1000
3.3000
2.2300
= 4.0000
= 2.5000



Number of period = 72

m_theta (theta divisions) = 25
9. n_psi (psi divisions) = 20
10. mp, theta print frequency = 1
11. np, psi print frequency = 1
12. ng, integration points [odd] = 251

Are these correct? [1]/Y, [O]IN

1
T ——
Power distribution was calculated and stored in FOR016.dat
Graphic options for power distribution. Enter:
[0] for none

[1] for displaying on the screen

[2] for storing in PostScript file

[3] for both

1

Do you want to display the power distribution in:
[1] one quadrant

[2] two quadrants (full gamma—psi)

[3] two quadrants (full gamma-theta)

[4] all four quadrants

1

For graphics output on your screen, please specify:
Enter Output Device type(press ENTER to list choices):
TEKTRONIX

Enter model:

4010C

Another plot ? 1[y],0[n]

0

Another run ? 1[y],O[n]

0

FORTRAN STOP



Figure 4. Power Density Output File (FOR016.DAT)
OUTPUT DATA

*kkkkkkkkkkkkkkkkhkkkkkkkkkk

Beam Energy (GeV) = 7.0000
Beam Current (A) = 0.1000
Period Length (cm) = 3.3000
K = 2.2300
gamma_theta max = 4.0000
gamma_psi_max = 2.5000
Number of period = 72
m_theta (theta divisions) = 25
n_psi (psi divisions) = 20
mp, theta print frequency = 1
np, psi print frequency = 1
ng = 251

*** calculated quantities ***
GK) = 0.9846402695525339
Peak Field (Tesla) = 0.7235091817532931
Total Power (kW) = 3.857752134553908
Peak Power density (kWw/mrad”2) = 133.4982519750146
gamma_inv (mrad) = 0.0729980290532155
theta_max (mrad) = 0.2919921162128623
psi_max (mrad) = 0.1824950726330389
m theta(mrad) n psi(mrad) f K(m,n) d2P_domega(kW/mrad"2)
0 0.000 O 0.000 1.00000 0.13355D+03
0 0.000 1 0.009 0.97178 0.12978D+03
0 0.000 2 0.018 0.89267 0.11921D+03
0 0.000 3 0.027 0.77769 0.10386D+03
0 0.000 4 0.036 0.64647 0.86335D+02
0 0.000 5 0.046 0.51705 0.69050D+02

25 0.292 15 0.137 0.00120 0.15989D+00



25
25
25
25
25

total power determined analytically
total power determined by integration

0.292
0.292
0.292
0.292
0.292

16
17
18
19
20

0.146
0.155
0.164
0.173
0.182

0.00108
0.00097
0.00087
0.00078
0.00070

0.14430D+00
0.12982D+00
0.11648D+00
0.10432D+00
0.93280D-01

3.857752134553908
3.806167954278625
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Figure 5: Power density profile of APS Undulator A as computed by POWER (K = 2.23)
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Figure 6: Power density profiles of the APS Undulator A in the vertical direction
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